A new protein sensor is demonstrated by replacing the gate of a metal oxide semiconductor field effect transistor (MOSFET) with a nano-interdigitated array (nIDA). The sensor is able to detect the binding reaction of a typical antibody Ixodes ricinus immunosuppressor (anti-Iris) protein at a concentration lower than 1 ng/ml. The sensor exhibits a high selectivity and reproducible specific detection. We provide a simple model that describes the behavior of the sensor and explains the origin of its high sensitivity. The simulated and experimental results indicate that the drain current of nIDA-gate MOSFET sensor is significantly increased with the successive binding of the thiol layer, Iris and anti-Iris protein layers. It is found that the sensor detection limit can be improved by well optimizing the geometrical parameters of nIDA-gate MOSFET. This nanobiosensor, with real-time and label-free capabilities, can easily be used for the detection of other proteins, DNA, virus and cancer markers. Moreover, an on-chip associated electronics nearby the sensor can be integrated since its fabrication is compatible with complementary metal oxide semiconductor (CMOS) technology.
Introduction
Label-free electronic biosensors are crucial components for the seamless integration of proteomics with information technologies. Electronic biosensors have strongly benefited from the development and application of nanotechnologies. Among recent proposed devices, nanowire sensors have attracted much attention because the large surface-to-volume ratio of nanowires potentially increases sensor sensitivity to the single-molecule detection level (Cui et al., 2001; Elfström et al., 2007 Elfström et al., , 2008 Hahm and Lieber, 2004; Li et al., 2004; Lin et al., 2007; Maki et al., 2008; Patolsky et al., 2006; Talin et al., 2006) . Two main technologies are used to realize those nanowire sensors: bottom-up and top-down approaches. In the former, the nanowires are grown by synthesis methods. Up to now this technology is restricted to research laboratories due to low yield, poor integrability and reliability (Pui et al., 2008) . In the later, the nanowires are patterned by electron-beam lithography and etched by reactive ion etching (RIE) process. The RIE produces unacceptably degraded device performance. Although in a recent demonstration , the nanowires are obtained by using an anisotropic wet etch to reduce the damage by RIE, the detection of the nanowire sensor is carried out in a solution. Therefore, it needs to integrate a microfluidic system and requires a careful control of the Debye length of the solution to ensure unambiguous selective detection . Nano-interdigitated arrays (nIDAs), employed as capacitance and impedance sensors, also show promises of high sensitivity (Finot et al., 2003; Moreno Hagelsieb et al., 2007; Ueno et al., 2005; Zhu and Ahn, 2006; Zou et al., 2007) . However their reliability is limited by any conduction path (for example a nanoscale dot) between two combs, and their sensitivity is deteriorated by high ion concentrations, such as typically found in biological solutions. On the other hand, ionsensitive field effect transistor, in which the gate of a metal oxide semiconductor field effect transistor (MOSFET) is replaced by an ion-sensitive membrane, serves as more macroscopic biosensors. But, this type of sensor suffers from a low sensitivity and needs to integrate a reference electrode (Bergveld, 2003) .
Here, we propose and demonstrate a new protein sensor by opening nanotrenches in the gate electrode of a conventional MOS-FET to allow biomolecules to get access to the surface of the gate oxide, thereby effectively creating a nIDA-gate MOSFET. The binding reaction of antibody Ixodes ricinus immunosuppressor (anti-Iris) protein (Prevot et al., 2006 (Prevot et al., , 2007 to its corresponding antigen (Iris) is used as a test system to establish the sensitivity and specificity of our sensor. When the anti-Iris antibody binds the Iris antigen attached to the fingers of the nIDA-gate, like a nIDA capacitance sensor, the total gate oxide capacitance is increased, which is monitored by the enhancement of the drain current in the MOSFET. Most importantly, the increase of net positive charges existing in the protein layer results in a negative shift in the threshold voltage, which also gives rise to the significant enhancement of the drain current. This makes the present sensor more sensitive than the nIDA capacitance sensor. The nanotailored gate provides more available binding sites for the antibody molecules compared to dielectric-modulated field effect transistors with a vertical or planar nanogap (Im et al., 2007; Poghossian et al., 2005) . Besides, for a given antibody-antigen pair, the sensitivity of the present sensor can be improved by well optimizing the geometrical parameters of the nIDA-gate MOSFET.
Working principle and model of the nIDA-gate MOSFET sensor

Working principle
The working principle of the nIDA-gate MOSFET sensor is that it converts the protein binding process directly into a measurable current without any labeling. The sensor is composed of a source and a drain connected by a silicon channel capacitively coupled to a nIDA-gate (see Fig. 1 a) . For the sake of clarity, we first focus on two fingers only (see Fig. 1b ). One is used as the control gate while the other remains floating. As further explained below, the drain current in the silicon channel linearly depends on the total gate oxide capacitance, which consists of two capacitances in series: the normal gate oxide capacitance (C ox ), and the coupling capacitance (C c ). The coupling capacitance is the combination of the inter-finger capacitance (C fin ) and the fringing capacitance (C frin ). When an antibody binds to a specific antigen attached to the finger's surface of the nIDA-gate, the C c enhancement caused by the variation of the dielectric parameters (such as dielectric constant and protein layer thickness) promotes an increase of the drain current in the sensor. On the other hand, it is known that the protein carries positive charges (Park et al., 2005; Patolsky and Lieber, 2005) , thus with the binding of the antibody, the net positive charge attached on the surface of the nIDA-gate is increased. This is analogous to increasing charges in the oxide of the conventional nMOSFET, which results in a negative shift in the threshold voltage, thereby increasing the drain current as well. Conclusively, the drain current increase, caused by the enhancement of the total gate oxide capacitance and the threshold voltage shift, provides a direct detection for the binding of complementary antibody-antigen pairs.
Modeling of the drain current during the protein binding reaction
As a first-order approximation, the nIDA-gate MOSFET sensor can be represented as two transistors connected in series. The schematic cross-section of the nIDA-gate MOSFET sensor is shown in Fig. 1c . Transistor 1 (T1) is the series association of the low resistance regions (Rl) covered by the control gates (Gc). Transistor 2 (T2) is composed of the high resistance regions (Rh) covered by all the floating gates (Gf) and the spacing regions. The equivalent circuit of the nIDA-gate MOSFET sensor is expressed in Fig. 1d , in which T1 and T2 are connected with a common gate (G1) through the coupling capacitance (C c ). When the C c influence is considered in T2, the relative equivalent circuit can be further simplified as a series association of T1 and T2 (see Fig. 1e ). In this case, T1 in fact is a normal MOSFET with a gate oxide capacitance (C ox1 ), while T2 is responsible for binding detection. Hereafter, we focus our discussion on T2. Its effective gate oxide capacitance (C eq ) can be considered as two capacitances in series as shown in Fig. 1f : C c is related to C fin and C frin (in Fig. 1b) while C ox2 stands for the normal gate oxide capacitance. C c and C ox2 are connected by an intermediate node, whose potential (˚i n ) is an average potential at the interface between the floating gate and gate oxide. For a given gate voltage (V GS ),˚i n equals to C c V GS /(C c + C ox2 ). Compared to the fully functionalized MOSFET sensor by chemical/biological molecules, the bare MOSFET sensor has a smaller C c due to smaller dielectric constant of air, thereby leading to a smaller˚i n . As a result, a low-electron density region (high resistance region) appears in the channel underneath the floating gate and spacing regions. Therefore, the total channel current between source and drain electrodes is smaller. When the nIDA-gate is exposed to a solution containing chemical/biological molecules, a layer of molecules is bound on the nIDA-gate surface. This makes˚i n become larger, which is associated with the increase of C c since the dielectric constant of the chemical/biological molecular layer is higher relatively to that of air, as well as, the spacing width between two fingers is reduced after the binding of the molecular layer. Consequently, a high-electron density region forms in the channel underneath the floating gate and the spacing regions, and now the channel current is increased. In other words, the channel current can be modulated by changing the thickness and dielectric constant of chemical/biological molecular layer. Besides, the threshold voltage is shifted to more negative value during the binding reaction due to the increase of positive charges existing in the chemical/biological molecular layer. This leads to a further increase of the drain current. Therefore, it is possible to calculate the drain current variation during the binding reaction of complementary antibody and antigen based on the current model of the conventional MOSFET.
In a conventional thick film silicon on insulator (SOI) nMOSFET, the drain current (I DS ) in the channel can be modulated by the gate voltage (V GS ) through the following equation:
where
and
All the parameters have their usual meaning (Colinge and Colinge, 2002) . When the silicon thickness is smaller than x dmax , relationship (2) will be replaced by a more complicated formula (Colinge, 1991) . In the nIDA-gate MOSFET sensor, T1 is similar to the conventional nMOSFET and it has the gate oxide capacitance per unit area:
T2 has the effective gate oxide capacitance per unit area:
The overall gate oxide capacitance of the nIDA-gate MOSFET sensor is given by:
Therefore relationship (1) could be used for the nIDA-gate MOS-FET sensor only replacing C ox by C Tot . In addition, the Q ox term in relationship (2) should express not only the positive charges existing in the gate oxide but also the additional ones coming from the chemical/biological molecular layer.
Simulations
Our simulation study is carried out using the ISE-TCAD software from Integrated Systems Engineering AG, Zürich, Switzerland, a commercially available physical device simulator designed to numerically simulate the electrical characteristics of a single semiconductor device in isolation or of several physical devices combined in a circuit. The drain current and electron density in MOSFETs can be computed based on a set of physical device equations (including Eq. (1)) that describes the carrier distribution and conduction mechanisms. Using this software, we simulate the electron density and drain current of the nIDA-gate MOSFET sensor during the binding reaction between the anti-Iris antibody and Iris antigen. The physical parameters used in this work can be found in Table 1 . 
Simulating the electron density in the channel of nIDA-gate MOSFET
The simulation is based on a nIDA-gate with 12 gold fingers (40-nm high, 100-nm wide, 200 nm repeat period). The thickness of the gate oxide is 33 nm, and a 200-nm thick p-type silicon channel is considered between the n-type heavily doped source and drain regions. We use insulator materials with dielectric constants of 2.2, 4, and 2 and with thicknesses of 2, 4, and 8 nm to emulate the presence of the thiol linkers, the Iris antigen and the anti-Iris antibody biomolecules (Nelson et al., 2001; Butt and Kappl, 2006) , respectively. It is assumed that each kind of molecules forms a perfectly homogeneous and tightly packed monolayer. The simulation of the electron density below the nIDA-gate is carried out at V GS = 5 V and V DS = 0.5 V and is shown in Fig. 2 a. The alternating regions of low and high electron density are observed underneath the floating gate and control gate, respectively. Low-electron density below the floating gate corresponds to a higher channel resistance compared to that below the control gate. Fig. 2b plots the distributions of the electron density along a vertical line aa drawn in Fig. 2a , for the sensor in the bare and fully functionalized states. The electron density near the top surface of the channel is significantly increased by the presence of the biological layers. This translates into a drain current increase in the sensor output.
Simulating the drain current variation during the protein binding reaction
The simulation is performed in two steps: we first neglect charges existing in the biomolecular layers to simulate the drain current variations by changing the thickness and dielectric constant of the biomolecular layer. Fig. 2c shows the drain current versus gate voltage (I DS -V GS ) characteristics of the sensor in the different functionalization steps. The sensor exhibits drain current increases in response to the successive binding of the thiol layer, Iris and anti-Iris biomolecular layers. But the threshold voltage remains unchanged. Then, we fix the thickness and dielectric constant of the biomolecular layer at 14 nm and 2, respectively, to simulate the drain current variations by changing charge concentration existing in the biomolecular layer. In this case, the negative shift in the threshold voltages is observed when the concentration is increased from 1 × 10 17 to 9 × 10 17 cm −3 as shown in Fig. 2d . A linear relationship is obtained between the threshold voltage shift and the charge concentration (see the inset in Fig. 2d) . From what has been mentioned above, we can see that the drain current is increased in both cases. Therefore, the sensitivity of our sensor is higher than that of the nIDA capacitance sensor, in which only the variation of the dielectric parameters is monitored.
Optimizing geometrical parameter of nIDA-gate MOSFET
The sensitivity of the sensor is reflected in the current response, which is defined as (I DS,a − I DS,b )/I DS,b , where I DS,b and I DS,a are the drain currents before and after the antibody binding, respectively. Fig. 2e reports the simulated current response as a function of interfinger distance for different finger heights from 20 to 100 nm. In this simulation, the detection area is fixed to 2.4 × 1 and the finger width equals the inter-finger distance. The current response is significant for inter-finger distances ranging from 40 to 200 nm, with a maximum response around 100-150 nm. This can be explained as the follows. When the inter-finger distance is narrower than 40 nm, the electric field between two fingers is very high (Van Gerwen et al., 1998) . As a result, the electron density underneath the floating gate is no longer dependent on dielectric parameters and carrier concentrations of the biomolecular layer. When the inter-finger distance is wider than 150 nm, the electric field is no more concentrated in the biomolecular layer and penetrates into a larger volume, thereby decreasing the current response. Other parameters also directly influence the current response. For instance, for a given inter-finger distance in the optimal window, the higher the finger, the larger the current response (see Fig. 2e ). This is due to the fact that the higher fingers provide more available binding sites for the antibody molecules compared to lower ones and hence larger C c . Moreover, the current response is dramatically increased by reducing the thickness of the silicon channel and/or of the gate oxide (see Fig. 2f ), which is associated with the threshold voltage shift. Besides, the width of the floating gate needs to be well tailored to narrow the low-electron density region for achieving a high sensitivity. Finally, it is important to note that, to apply this sensor for different molecular detections, the size of the detected molecule should be taken into account in optimizing the inter-finger distance so that the detected molecule can be effectively immobilized between two adjacent fingers (Lu et al., 2008) .
Materials and methods
Sensor fabrication process
Based on the optimal results from the simulation, the sensors are fabricated on p-type SOI wafers. The silicon body of the sensor, including source, drain and channel regions, is defined by UVlithography and RIE. The source and drain regions are highly doped by arsenic. A 33-nm thick SiO 2 is thermally grown to form the gate oxide and isolate the sidewalls of the silicon body. Then the gold nIDA-gate is built by electron-beam lithography and lift-off process. This step could be replaced by nanoimprint. Generally, any metal, even polysilicon, can be used as gate material. However, gold is selected here because it allows using self-assembled monolayer (SAM) thiol as a linker (Flynn et al., 2003; Kim et al., 2006) to anchor proteins. We fabricate more than 100 sensors with different finger sizes and repeat periods, whose ranges are constricted in the optimal window by the simulation. The general image of a typical nIDA-gate MOSFET sensor is shown in Fig. 3a . As depicted in the zoomed-in scanning electron microscopy (SEM) image (Fig. 3b) , the bare nIDA-gate has a finger width of 100 nm and repeat period of 200 nm. Finally, to eliminate any interference and protect the electronic leads from being chemically etched and damaged during sensor tests, the area outside of the nIDA-gate is covered with a layer of PolyMethylMethaAcrylate (PMMA). Thus, only the nIDA-gate is exposed to the environment during sensor testing.
Biological procedure
After fabrication, the cleaned sensor is immediately immersed in a 2 mM ethanol solution of 11 mercaptoundecanoic acid (11-MUA, 95%) for 24 h to form SAM linkers over the surface of the gold nIDA-gate. The carboxylic acid groups of the SAM are then activated by immersion in an aqueous solution of N-hydroxysuccinimide (0.05 M NHS, 98+%) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.2 M EDC, 98+%) for 30 min, followed by rinsing in water (Gooding et al., 1999) . The antigen is then covalently grafted onto the sensor by immersing the activated surfaces for 1 h in an aqueous phosphatebuffered solution of the Iris antigen (1 mg/ml in PBS). Iris is a specific elastase inhibitor presented in the tick saliva. A complete assessment of the structure of Iris antigen and anti-Iris antibody proteins can be found elsewhere. At that stage, the sensor is ready to detect the targeted anti-Iris antibody. To ensure saturation of the binding biomolecules, the sensor is immersed in anti-Iris solutions for 1 h. The sensor is subsequently rinsed with distilled water and blown dry with nitrogen. Fig. 3 c and d shows the surface morphology of the nIDA-gates after exposure to anti-Iris antibody solutions with concentrations of 0.36 and 360 ng/ml, respectively, revealing rougher surfaces compared to the bare one (in Fig. 3b ). This indicates that biomolecules are well bound to the functionalized nIDA-gate.
Results and discussions
Current response
The I DS -V GS characteristics of the sensors are then measured by using HP4156C in air. Fig. 4 a plots the I DS -V GS characteristics of a typical sensor, in the bare state, after grafting the thiol linker, anchoring the Iris receptor, and binding the antibody from a 0.36 ng/ml anti-Iris solution. For a given gate voltage, the drain current is markedly increased after each step. Particularly, after grafting the thiol linker, a −0.6 V shift in the threshold voltage (V th ) is observed, followed by a shift of −1.4 V when the Iris receptor is anchored with the thiol linker. Then the V th shifts by −0.3 V after binding the antibody. According to the simulation results, we suggest that the high enhancement of the drain current is mainly attributed to the net positive charge increase existing in the biomolecular layers, which results in a high current response in the present sensor. This is one advantage of our sensor over the nIDA capacitance sensor.
It is worth noting that although the drain current increase after the binding reaction between anti-Iris antibody and its antigen has been observed in the simulation and experiment, the current response in the experiment is much higher than that in the simulation for the sensors with the same configuration. It is difficult for comparing the simulated and experimental results precisely since the electrical properties of the both proteins, such as the carrier concentration, are unclear. Fig. 4b shows the current response as a function of the anti-Iris concentration in solution for two groups of sensors. The detection limits are lower than 1 ng/ml and a nearly linear relationship is obtained between the current response and logarithmic value of the concentration for both groups. In group A, the nIDA-gate has a detection area of 4 × 3 and 20 fingers (45-nm high, 100-nm wide, 200 nm repeat period), while in group B the detection area is 30 × 25 with 100 fingers (45-nm high, 150-nm wide, 300 nm repeat period). For a given concentration, group A shows a higher current response than group B, indicating that the current response of the present sensor indeed depends on finger width, repeat period and detection area as predicted by the simulation. Table 2 summarizes the current responses of three kinds of the fabricated sensors for a given anti-Iris concentration of 360 ng/ml. These sensors have the same detection area of 4 × 3 . The fingers of these sensors have the same height of 45 nm, but their width and inter-finger distance are different. Particularly, in sensor C, the two adjacent fingers have different widths. More specifically, the floating finger is narrower than the control gate finger. This creates a shorter lowelectron density region between two control gates (see Fig. 2a ), which makes the modification of the drain current more important. In other words, a lower concentration antibody can give rise to a higher current change. This is why sensor C presents the highest current response out of the three sensors. The experimental results confirm that the value of the current response depends on the sensor configuration, which qualitatively agrees with the simulated results. Therefore, the sensor sensitivity can indeed be improved by well optimizing the geometrical parameters of the nIDA-gate MOSFET. This is the other advantage of our sensor over the nIDA capacitance sensor. Again, to quantitatively compare simulated and experimental results remains a challenge and worth further investigation. For each data point of current response in this work, at least three samples are measured. The average current response is calculated from those data.
Dependence of current responses on sensor configuration
Selectivity and reproducibility
The selectivity of the sensor is assessed by replacing the anti-Iris antibody solution with a highly concentrated (2 mg/ml) solution of non-specific antibody 286F7, an antibody directed against the thyroid stimulating hormone (thyrotropin) (Cecchet et al., 2007) . A very small current change is observed in Fig. 4c . Then when a droplet of anti-Iris antibody with a concentration of 360 ng/ml is positioned onto the same device, a significant current change is obtained. This is attributed to the specific binding between the antiIris antibody and its antigen. However, it should be noted that the small current change in the case of the non-specific antibody is due to the fact that a few thiol linkers without binding antigen may attract the positive charges existing in non-specific protein or the positive ion presenting buffer solution. Even so, the concentration of the non-specific antibody is much higher than that of the specific antibody. Therefore, we can conclude that the present sensor has a good selectivity. In this work, more than 100 sensors with different sizes have been fabricated and measured. After the binding reaction of the anti-Iris antibody and its antigen, the drain current increase almost shows the same tendency for all the measured sensors.
Conclusions
To conclude, we develop a novel sensor based on MOSFET technology, wherein the metal/polysilicon planar gate is replaced by a gold nIDA-gate. Our results show that conventional devices can be turned into high sensitivity nanobiosensors simply by redesigning their components at the nanometer scale. The reason for the high sensitivity of the sensor is the modulation of the drain current not only by the dielectric parameter changes of the biological layer but also by the carrier concentration changes originating from the biological layer. The sensor is able to detect the binding reaction of a typical antibody (anti-Iris) at a concentration lower than 1 ng/ml. The detection limit can be strongly improved by well optimizing the geometrical parameters of the nIDA-gate MOSFET, such as finger width and height, inter-finger distance, detection area, channel width and thickness as well as gate oxide thickness. The sensor exhibits a reproducible specific detection for anti-Iris antibody and a high selectivity. Moreover, this sensor with real-time and label-free capabilities can easily be used for the detection of other proteins, DNA, viruses and cancer markers. Furthermore, the sensor fabrication is compatible with CMOS technology as the nIDA-gate is added by using post-processing steps. This novel nanobiosensor is thus expected to integrate with information technologies.
